Abstract Nitrate addition stimulated sulfide oxidation by increasing the activity of nitrate-reducing sulfide-oxidizing bacteria (NR-SOB), decreasing the concentration of dissolved H 2 S in the water phase and, consequently, its release to the atmosphere of a pilot-scale anaerobic bioreactor. The effect of four different concentrations of nitrate (0.12, 0.24, 0.50, and 1.00 mM) was investigated for a period of 3 days in relation to sulfide concentration in two bioreactors set up at Guadalete wastewater treatment plant (Jerez de la Frontera, Spain). Physicochemical variables were measured in water and air, and the activity of bacteria implicated in the sulfur and nitrogen cycles was analyzed in the biofilms and in the water phase of the bioreactors. Biofilms were a net source of sulfide for the water and gas phases (7.22±5.3 μmol s ). The end of nitrate addition resulted in a recovery or increase of initial net sulfide production in about 3 h. Addition of nitrate increased the activity of NR-SOB and decreased the activity of sulfate-reducing bacteria. Results confirmed the role of NR-SOB on hydrogen sulfide consumption coupled with nitrate reduction and sulfate recycling, revealing Sulfurimonas denitrificans and Paracoccus denitrificans as NR-SOB of great importance in this process.
industrial facilities including wastewater treatment plants (WWTPs) , and reduces the efficiency of the treatment process (Boon 1995; Beech and Sunner 2004) .
Different physicochemical and biological methods have been proposed to control the negative effects of sulfide production in sewage environments and WWTP (Garcia de Lomas et al. 2006) . Among the biological methods, addition of nitrate is considered one of the most suitable to control sulfide production (Jiang et al. 2009; Mohanakrishnan et al. 2009 ). However, different mechanisms have been suggested via which nitrate might reduce sulfide concentration: (1) by increasing the redox potential (Allen et al. 1949; Poduska and Anderson 1981) , (2) by increasing pH (Aelion et al. 2000) , (3) by inhibiting SRB Eckford and Fedorak 2004; Jenneman et al. 1986 ), (4) by causing a competition of SRB with heterotrophic nitrate-reducing bacteria for organic electron donors (Hubert and Voordouw 2007) , (5) by the preferential use of nitrate as electron acceptor instead of sulfate by some species of SRB (Tang et al. 2009 ), or (6) by stimulating sulfide oxidation by nitrate-reducing sulfide-oxidizing bacteria (NR-SOB) (Mohanakrishnan et al. 2009; Garcia de Lomas et al. 2007; Vaiopoulou et al. 2005) . Some of these mechanisms are not mutually exclusive, and their relative importance might change depending on environmental conditions. Previous studies demonstrated the implication of NR-SOB in the control of sulfide production in wastewater systems but did not exclude other alternatives (Garcia de Lomas et al. 2006 .
Sulfide-oxidizing bacteria form a very heterogeneous group, with a high phylogenetic diversity, capable of using different reduced sulfur compounds (H 2 S, S 0 , S 2 O 3 2− ) as energy source (Roberts et al. 2000) . Some are autotrophs and others use organic matter as carbon source. Most of them use oxygen as final electron acceptor, but in the absence of oxygen, some, the NR-SOB, are able to use NO 3 − as terminal electron acceptor and H 2 S as source of electrons according to the following general equation:
However, this reaction might occur through a number of intermediate reactions leading to different stoichiometries and the accumulation of S 0 and NO 2 − or N 2 O in the external medium depending on the environmental conditions (Gadekar et al. 2006; Cardoso et al. 2006; Van Rijn et al. 2006; Nemati et al. 2001b ). The production of N 2 and other N gases like N 2 O and NO decreases the load of total nitrogen in the water phase. NR-SOB are widely spread in the Proteobacteria, having members from Alphaproteobacteria, Betaproteobacteria, Epsilonproteobacteria, and Gammaproteobacteria. In wastewaters, using RNA-based molecular methods, an increase of metabolic activity of several NR-SOB strains like Sulfurimonas denitrificans, Thiomicrospira sp., Arcobacter sp., and Thiobacillus denitrificans, associated to a decrease of sulfide in the presence of nitrate, both in mesoscale experimental bioreactors and in plant-scale experiments was observed (Garcia de Lomas et al. 2006 Lomas et al. , 2007 . Similar strains are involved in the NO 3 − -dependent elimination of sulfide in oil reservoirs (Jenneman et al. 1986; Voordouw and Voordouw 1998; Nemati et al. 2001a ). In fact, most current knowledge on the syntrophic relationship between SRB and NR-SOB has been obtained from a few strains isolated from the petroleum industry (Nemati et al. 2001a; Gevertz et al. 2000; Greene et al. 2003) .
The addition of any chemical like nitrate to a WWTP is economically costly; therefore, it is highly convenient to find the minimum effective nitrate concentration needed to keep the sulfide concentration in the water phase as low as possible, avoiding its release to the atmosphere. Typically, the physicochemical characteristics of the inflow wastewater are highly variable even for a single WWTP; therefore, it is important to ensure that the addition of nitrate to reduce net sulfide production is a robust enough method for generalized application. The reduction of nitrate dose, and its cost for a given WWTP or sewage system, would likely encourage the application of this environmental technology in the wastewater treatment industry. In addition, so far, most studies dealing with the kinetic aspects and metabolism of NR-SOB have been done in small-scale cultures and bioreactors in wellcontrolled laboratory conditions and with specific NR-SOB strains isolated from the oil industry (Gadekar et al. 2006; Gevertz et al. 2000; Hubert et al. 2009 ). On the contrary, we present here the response of an indigenous wastewater community to the addition of different doses of nitrate in two mesoscale bioreactors continuously fed with wastewater. The specific aims of our research were (1) to study the kinetics of sulfide disappearance and reappearance in the water and atmospheric phases after nitrate addition and suppression, (2) to confirm the stimulation of indigenous NR-SOB after nitrate addition through molecular biology techniques, and (3) to determine the dose-response curve of nitrate addition versus net sulfide production at a pilot scale using real wastewater.
Materials and Methods

Bioreactors Setup and Working Conditions
Two experimental bioreactors (fiberglass tanks, 175 L net volume) were set up at Guadalete WWTP (Jerez de la Frontera, Spain). Inflow wastewater was continuously collected from the WWTP after sand and oil removal with a conventional submerged water pump and passed through a sedimentation tank (100 L) to a distribution tank (100 L). Two membrane pumps (GA90P6P3, Dosapro Milton Roy) fed the bioreactors from the distribution tank at a constant flow rate (mean hydraulic retention time, 3.46 h). The bioreactors were uniformly mixed with a rotor (K200-K90-T4, Kelvin) connected to a variable speed motor drive (SL205S, AC Tech®) set at 5 rpm. Each bioreactor was placed inside a plastic garden hut (148×81×203 cm, 2.43 m 3 ) maintained closed and in darkness to preserve their own atmosphere and avoid sulfide photooxidation and photosynthesis. The bioreactors did not receive any specific microbial inoculum other than the continuous flow of wastewater. The setup was maintained under controlled conditions during 2 months to enable autochthonous biofilm to develop before the beginning of the experiments. Biofilms covered all submerged surfaces in both bioreactors including four nylon trays with a stainless steel coupon attached to the bioreactors' inner walls to increase the growth surface for biofilms and facilitate their samplings (Fig. 1) .
During every experiment, a different stock solution of calcium nitrate (Nutriox®) was continuously supplied to one bioreactor (NBR) using a membrane pump (LANG-EMP KKS, Henkel) for a period of 3 days, obtaining for each experiment a different final concentration: 0.12, 0.24, 0.50, or 1.00 mM NO 3 − . The other reactor was used as a control (CBR). Chemical and biological variables were monitored in both bioreactors before, during, and after nitrate dosage in each experiment (5-8 days). Between experiments, both bioreactors operated at a minimum of 1 month without nitrate addition in order to reestablish initial conditions. The four experiments were done at different dates during 2009.
Chemical Variables
Water samples were filtered in situ with 47 mm precombusted GF/F (nominal pore, 0.7 μm) Whatman filters for NO 3 − , NO 2 − , NH 4 + , and dissolved organic carbon (DOC) samples, transported refrigerated to the laboratory (0.5 to 12 h), and kept frozen until analysis. NO 2 − and NH 4 + concentrations were determined photometrically (PowerWave 340 Microplate Spectrophotometer, Bio-Tek®) after the method of Grasshoff et al. (1983) 
where H 2 S CBR and H 2 S NBR are the concentrations of sulfide measured in CBR and NBR from 24 h after the start of nitrate addition until the end of nitrate addition.
Analysis of Microbial Community Composition
Samples for RNA analysis were taken 72 h after starting nitrate addition from the biofilms growing on the metal coupons, representing the "steady-state" active microbial communities under different nitrate dosages. Samples were preserved in situ with RNAlater® (Ambion, Inc., Austin, TX, USA) (10× volume) and preserved at −80°C in the laboratory. Microbial communities were analyzed by quantitative, real-time reverse transcription polymerase chain reaction (PCR). RNA was extracted from CBR and NBR samples using the RNAqueous-4PCR total RNA extraction kit (Ambion, Inc.). Reverse transcription was performed using ThermoScript (Invitrogen, Carlsbad, CA, USA) as previously described (Garcia de Lomas et al. 2006) . Quantitative PCRs were carried out using the iQ SYBR Green Supermix for realtime PCR (Bio-Rad, Hercules, CA, USA). Triplicate reactions were processed under the following cycling conditions: 95°C for 5 min and 40 cycles of 95°C for 15 s, 62°C for 15 s, and 72°C for 45 min. Fluorescence produced from SYBR Green was determined at the end of the extension step. Based on preliminary information, 16S ribosomal RNA (rRNA) genes belonging to selected groups of SRB and NR-SOB were targeted in the quantitative amplification experiments, as an indicator of bacterial metabolic activity (Molin and Givskov 1999) . All quantifications were normalized according to the total bacterial 16S rRNA genes. We report the relative abundances of 16S rRNA genes in the total RNAs extracted from the nitrate-supplemented and unsupplemented treatments. Quantitative PCR estimates were performed according to the sigmoidal nonlinear curve-fitting procedure previously proposed by Rutledge (2004) . SRB in the studied wastewater were represented by the five most abundant phylogenetic branching groups of SRB (sensu Daly et al. 2000) . Among the NR-SOB, according to previous studies in this system, three major participating bacterial groups were studied, represented by S. denitrificans, T. denitrificans, and Paracoccus denitrificans. The primers used for the quantitative amplification of these bacterial groups are listed in Table 1 . 
Statistical Analysis
Results
Variability of Chemical Variables in the Wastewater Treatment Plant
The physicochemical characteristics of the wastewater inflow in the Guadalete WWTP were largely variable during the time at which the experiments were carried out ( 
Effect of Nitrate Addition on Net Sulfide Production in the Water Phase
Average sulfide concentration in the distribution tank was relatively low and variable during the experiments (0.12±0.12 mM H 2 S) but higher than in the inflow water (Table 3) . This resulted in a maximal reduction of 94 % at 1 mM nitrate with respect to CBR (Fig. 2) . In order to compare the effect of the nitrate concentrations and to account for the inherent variability in the bioreactors, sulfide concentration was normalized in two ways: (1) by the concentration of sulfide in CBR in each experiment and (2) by the initial sulfide concentration in NBR before addition of nitrate. Both approaches resulted in a similar trend, an exponential sulfide decrease with increasing nitrate concentrations, with only about 10 % of initial sulfide remaining in the water phase when nitrate dosage to NBR was 1 mM (Fig. 3) .
The SEE (Eq. 3) was dependent on the added nitrate concentration in a saturating way (Fig. 4) , showing a statistically significant fit to a Michaelis-Menten kinetic with K s of 0.63 mM (p<0.05).
The effect of nitrate was quickly reversible. Sulfide concentration immediately increased when nitrate addition ceased (Fig. 2) . Sulfide values, normalized with the concentration of H 2 S at the cessation of nitrate addition, increased 4-fold for 0.24 and 0.50 mM and 20-fold for 1 mM nitrate addition, following a hyperbolic relationship with time (Fig. 5) . The recovery of sulfide was quick, reaching half of the final concentration in about 1 h (1.04±0.59 h).
Effect of Nitrate Dosage on the Release of Sulfide to the Atmospheric Phase
The concentration of sulfide in the huts' atmospheres was highly variable with time and among experiments, with a range of 0 to 16.5 ppm and a mean of 1.96±1.95 ppm (data from January 2009 to September 2009, CBR hut, n=8,179). Because sulfide was continuously monitored, the opening of the hut door for sampling and service was (Fig. 6 ). Atmospheric sulfide concentration was linearly correlated with the concentration in the aqueous phase of bioreactors (H 2 S atm =0.16×H 2 S aq , r=0.682, p<0.0001, n=154).
Nitrate addition in NBR decreased sulfide emission to the atmosphere, which was also dependent on the nitrate concentration added (Fig. 6) . With 0.12 mM nitrate sulfide, emission decreased 33 and 45 % with respect to the control and the initial conditions, respectively, and 73 and 81 % with 0.24 mM NO 3 − . Only occasionally very low or 
Nitrogen, Sulfur, and Carbon Mass Balance in the Presence and Absence of Added Nitrate
Both bioreactors were net consumers of nitrate since the concentrations in their water phases were always significantly lower than in the distribution tank and in the inflow raw wastewater (Tables 2 and 4 (Table 4) . However, a small accumulation of nitrite (4 μM) was measured in NBR when nitrate addition was 0.50 mM or higher (paired t test, p<0.05).
We calculated the mean steady-state net production of relevant N, S, and C compounds during nitrate addition in each experiment (Table 3) to analyze the effect of nitrate addition on their dynamics and stoichiometry. Despite of the great variability between different experiments, several consistent trends were observed. In general, both CBR and NBR were net producers of NH 4 + and net consumers of SO 4 2− with different but not statistically significant rates. They were also net producers of NO 2 − and H 2 S; however, nitrite production was significantly higher in NBR than in CBR, while net H 2 S production was higher in CBR than in NBR. The net production rate of DOC was positive in CBR, while it tended to be negative in NBR, being this difference statistically significant (Table 3) .
Changes in the Microbial Community
The selected bacterial groups analyzed, including NR-SOB species (S. denitrificans, P. denitrificans, and T. denitrificans) and the most abundant SRB genera (Desulfobulbus, Desulfobacterium, Desulfobacter, Desulfococcus, Desulfonema, Desulfosarcina, Desulfovibrio, and Desulfomicrobium), comprised up to 24 % of total bacterial sequences. The active microbial community in CBR was dynamic, showing significant differences in the activity of SRB and NR-SOB species among the different experiments (Fig. 7) . Nevertheless, the addition of nitrate to NBR induced clear changes in the activity of the microbial community, but not always in the same direction (Table 5 ; Fig. 7 ). The general pattern of changes in the microbial community after 72 h of adding nitrate was an increase of the sequences of NR-SOB (6.1-fold) and a decrease of SRB (1.5 times without the Desulfovibrio group). The highest differences in the activity of these microbial communities between NBR and CBR were found at the 0.24 and 0.50 mM NO 3 − experiments (Table 5 ). S. denitrificans and P. denitrificans always increased their relative activity with the addition of nitrate with respect to the control. However, the increase was not similar in every experiment, with maxima increases detected with 0.24 and 0.50 mM NO 3 − . T. denitrificans increased in the 0.24 and 0.50 mM NO 3 − experiments and decreased in 0.12 and 1 mM NO 3 − . High increases in S. denitrificans and P. denitrificans, 21.5 and 27.8 times, respectively, were recorded in NBR with respect to CBR in the 0.24 mM NO 3 − enrichment, an order of magnitude larger than in the other experiments. Regarding the SRB community, we found in this experiment a general low response to nitrate addition with the exception of the Desulfovibrio-Desulfomicrobium group, which increased two orders of magnitude compared to the control (Table 5 ; Fig. 7 ).
Discussion
The addition of nitrate always induced a reduction of sulfide concentration despite that each experiment was performed at different dates during the year and started with different physicochemical conditions in the wastewater entering the system (Table 2 ). Physicochemical conditions in the wastewater are affected by unpredictable changes in climatic variables (e.g., precipitation, temperature) and seasonal changes in human uses and consumption of water (Leitao et al. 2006) . Several key compounds involved in the microbial processes studied (related to SRB and NR-SOB) such as nitrate, sulfide, and sulfate varied even up to two orders of magnitude among the experiments. The amount of sulfide in the raw wastewater was variable but generally low (about 6 μM; Table 2 ), being much lower than in other studies (usually>1 mM; see Table VI in Garcia de Lomas et al. 2006 ). Our experimental system was a net producer of sulfide, with the mean net production rate in the water phase of CBR being 17.86±9.34 mmol m −2 h −1 (Table 3) , which is within the mean sulfide production calculated for a 200-μm biofilm (Nielsen 1987) . Changes in the concentration of sulfate entering the reactors are important for the kinetics of the reaction and to determine the optimal nitrate dose since most of sulfide in the wastewater is being produced by SRB using sulfate as terminal electron acceptor. These differences in the input wastewater likely Nonetheless, any strategy to reduce net sulfide production needs to be robust enough to cope with potential changes in the input wastewater.
Reduction of Net Sulfide Production Rate by Nitrate
The decrease in H 2 S concentration and the net sulfide production rate were always observed during the experiments and were dependent on the amount of nitrate added (Figs. 3 and 4) . However, taking into account that the NR-SOB community was mainly located in biofilms (Garcia de Lomas et al. 2007) , nitrate from the water phase might not reach the bottom of the biofilms, while SRB activity could persist using the sulfate regenerated within the biofilms by the activity of NR-SOB (Garcia de Lomas et al. 2007; Ito et al. 2002; Okabe et al. 2003) , leading to the maintenance of a basal sulfide production, as suggested by the nonlinear decrease of the normalized sulfide concentration in NBR with the nitrate dose (Fig. 3) . The increase of SEE in relation to the amount of added nitrate presented a higher K s (0.63 mM NO 3 − ) than those measured in semicontinuous master culture reactors (0.048-0.160 mM) (Oh et al. 2000) . However, the bacterial biomass in those cultures consisted mainly of autotrophic denitrifying sulfur bacteria since they were fed with thiosulfate and nitrate without any organic C source and, therefore, different K s value would be expected. The relatively high value of K s measured in our experiments, compared with the basal nitrate concentration, suggests that the NR-SOB community in our experiments was severely limited by nitrate. Atmospheric sulfide release was variable (Fig. 5 ), but its reduction or even elimination was clear after the addition of nitrate and it also depended on the concentration of nitrate. In our experimental system, 0.5 mM NO 3 − was enough to suppress the release of sulfide to the atmosphere, but it was insufficient to fully eliminate H 2 S in water, so it seems possible to reduce the dose of nitrate considerably if the technical target is only to avoid the release to the atmosphere.
Reversibility of Nitrate Effect
The reduction of net sulfide production by nitrate is reversible (Garcia de Lomas et al. 2007; Okabe et al. 2003) . Previous experiments showed that the response of microbial community to the addition of nitrate occurred in 2-3 h (Garcia de Lomas et al. 2007; Mohanakrishnan et al. 2011) and that, once the nitrate dosage was suspended, sulfide concentration increased in a similar timescale (Garcia de Lomas et al. 2006 . However, a continuous exposure to nitrate for 3 days was long enough to modify the microbial community, what is likely to increase both the capacity and the affinity of the system for nitrate. Therefore, this "activated" community could use more efficiently basal nitrate in the wastewater and reduce sulfide release. However, the recovery time was similar in every experiment (about 3 h) independently of the nitrate concentration applied. These results suggest that strategies based on pulsed nitrate dosage Mohanakrishnan et al. 2009 ) could be in some systems ineffective for the reduction of sulfide production.
Nitrogen, Sulfur, and Carbon Metabolism
The net production rates measured here represent the steady-state mean net balance of different biotic (metabolic pathways) and abiotic processes. Therefore, interpretation based on stoichiometric principles (Gadekar et al. 2006; Cardoso et al. 2006 ) must be cautious. The microbial communities of NBR and CBR were net consumers of nitrate with a very high demand. The immediate consumption of nitrate dosed to NBR indicates the existence of a native NR-SOB community, This community seems to be strongly limited by nitrate, as suggested by the relatively high K s compared with the mean nitrate concentration in the bioreactors and the fact that the mean net NO 3 − reduction rate was two orders of magnitude higher in NBR than in CBR. In our experimental conditions, the net NO 3 − reduction rate might account for autotrophic dissimilatory nitrate reduction (i.e., NR-SOB activity) and heterotrophic dissimilatory nitrate reduction that would compete with SRB for organic electron donors (Hubert and Voordouw 2007 ). Although we have no conclusive information on the importance of the latter, previous results using molecular techniques indicate an increase in the activity of NR-SOB, rather than inhibition of sulfate reduction activity (Garcia de Lomas et al. 2007; Mohanakrishnan et al. 2011) . Therefore, and because we detected high activity of NR-SOB in the reactors supplemented with nitrate, we assume that, in the present experiment, all or most of the net NO 3 − reduction is the result of the activity of NR-SOB.
The significantly higher net rates of nitrite production and nitrite concentrations in NBR than in CBR (Tables 3  and 4 , respectively) suggest an imbalance between the overall nitrate and nitrite reductase activities. The accumulation of nitrite is usually associated to the incomplete oxidation of H 2 S to S 0 instead of SO 4 2− (Gadekar et al. 2006; Cardoso et al. 2006) . Visual evidence of S 0 formation was found in the form of whitish layers in the biofilms (Moraes et al. 2011 Table 4 ), then it seems that the chemolithotrophic reduction of nitrate by NR-SOB in our experimental system progress rather efficiently to a gaseous form of N. This was partially confirmed by the observed increase of N 2 O in NBR during experiments at 0.12 and 0.24 mM nitrate dosages (data not shown). Therefore, we can assume that the application of these amounts of nitrate is innocuous for the receiving waters, since it will not contribute to increase the anthropogenic input of N and it will not negatively affect the depuration process, as indicated by the lower net DOC production in NBR. However, the possible formation of N 2 O or N 2 as end products has strong environmental implications for atmospheric pollution due to the strong global warming potential of N 2 O (Linak and Kramlich 1998) . Further research is needed to understand the microbial metabolic pathways and the environmental conditions that favor the formation of N 2 with respect to N 2 O as final product.
Net sulfide production rate can be estimated by net sulfate reduction rate, calculated as the consumption of sulfate in the NBR and CBR ( and NO 3 − in NBR was 1.03. Gadekar et al. (2006) proposed a stoichiometric ratio of 1 according to following reaction:
However, the net nitrite production rate was much lower than expected from the NO 3 − /NO 2 − stoichiometry of the previous reaction, indicating the production of a gaseous form of N (we confirmed the production of N 2 O in two experiments where we could measure it; results not shown). Further oxidation of elemental sulfur to sulfate by nitrate and nitrite have been observed when sulfide concentration is low, producing a gaseous form of N (Gadekar et al. 2006 ).
Microbial Community
Wastewater biofilms are complex and highly diverse microbial communities with a high degree of functional integration. Significant differences in the microbial community between both reactors were detected after 3 days of nitrate dosage, in spite of the wide variability of physicochemical characteristics of the inflowing wastewater and the most likely different initial microbial communities in the successive experiments. These changes confirmed the importance of NR-SOB microorganisms in the control of net sulfide production rate by nitrate (Garcia de Lomas et al. 2006 Mohanakrishnan et al. 2009 Mohanakrishnan et al. , 2011 . We detected an increase in sequences closely related to S. denitrificans and P. denitrificans in NBR with respect to CBR in all the experiments. However, the magnitude of the increase was very different and apparently not related to the dose of nitrate. The maximum increase, one order of magnitude larger, was found with 0.24 mM nitrate; however, we did not observe any remarkable difference in chemical variables (H 2 S, NO 3 − , NO 2 − , etc.) that could explain it. Similarly, we detected both increases and decreases on the representation of T. denitrificans in the NR-SOB community depending on the experiment, but, again, these were not correlated with the metabolic response of the microbial community to nitrate. Nonetheless, we always observed a clear reduction of sulfide after the addition of nitrate, despite the differences observed in the changes in the microbial community between experiments. In addition, a significant linear correlation (R 2 =0.59, p=0.002) between denitrification and sulfide removal rates calculated from the bioreactors mass balance was observed.
In this study, we show the involvement of P. denitrificans as a potential major denitrifier and sulfur oxidizer in the removal of sulfide from wastewaters for the first time, while previous studies analyzed mainly S. denitrificans and T. denitrificans with differential participation of these two major groups. P. denitrificans is a high metabolically versatile bacterium presenting a great flexibility of electron donors and acceptors (Baker et al. 1998 ). This species is able to oxidize sulfide coupled to nitrate reduction in a similar net mechanism as described in the case of S. denitrificans (Garcia de Lomas et al. 2006) . Besides, P. denitrificans opens a novel and interesting possibility to the engineering of nitrogen cycling in wastewaters, since it has also been described to be able to behave as a heterotrophic nitrifier oxidizing ammonia to nitrite and nitrate and subsequently perform denitrification. Moreover, P. denitrificans could foster the release of N 2 from the ammonium produced by heterotrophic microorganisms during the reduction and utilization of nitrate.
Our results show a general decrease of SRB under nitrate dose. Similar to the NR-SOB community, we did not detect any relation between the decrease of activity of the different SRB taxonomic groups studied here and the nitrate dose. The syntrophic relationship between SRB and NR-SOB communities might be complex. Some genera of SRB could be well adapted to participate in syntrophy, for instance, being able to detoxify nitrite with nitrite reductase activity like Desulfovibrio (Greene et al. 2003) , and some genera of SRB (Desulfovibrio, Desulfobulbus, and Desulfomonas) are even able to reduce nitrate as terminal electron acceptor (Ito et al. 2002) . Nevertheless, although there was lower relative presence of major SRB group rRNA bands, the higher sulfate reduction rate in NBR indicates that some other SRB groups could take over and maintain high levels of sulfate reduction activity in the presence of an activated NR-SOB community after nitrate addition.
